Members of the heteropentameric ligand-gated ion channel superfamily rapidly mediate signaling across the synaptic cleft. Sequence analysis and limited experimental studies have yielded a topological model containing four transmembrane ␣-helices, labeled M1 to M4, and a large soluble, extracellular N-terminal domain. This model persists to date despite some recent structural studies that suggest it may be inappropriate. In this study, the topology of the glycine receptor was probed by limited proteolysis coupled to mass spectrometry. Of particular note, accessible cleavage sites within the putative M1 and M3 transmembrane helices were identified. Membrane-associated fragments within the postulated globular extracellular N-terminal domain were also observed. This report presents several key details incorporated in a new topological model and is the first direct experimental evidence that a subset of the transmembrane regions are too short to be membrane-spanning ␣-helices; rather, these regions are proposed to be a mix of ␣-helices and ␤-sheets. This report is also the first to exploit the capability of mass spectrometry to probe critically the topology of a class of membrane proteins of unknown structure.
The glycine receptor (GlyR) 1 as well as the ␥-aminobutyric acid receptor, serotonin receptor, and nicotinic acetylcholine receptor (nAChR) comprise, in part, the ligand-gated ion channel superfamily (LGICS) (1) . The GlyR is the major inhibitory neurotransmitter receptor in the post-synaptic membrane of spinal cord and lower brain. Upon binding the agonist glycine, the channel transiently opens, allowing passive flux of chloride, further hyperpolarizing the neuronal cell and thus reducing the probability of reaching an action potential. Like other members of the LGICS, the GlyR is a heteropentamer. Although the receptor is comprised of ␣ (48 kDa) and ␤ (58 kDa) subunits in vivo (2) , recombinant GlyR ␣ subunits can assemble as homopentamers and retain native-like pharmacological activity (3) (4) (5) . This simplified experimental system offers substantial benefits for structural investigations; we have developed a baculovirus overexpression system for the production of functional ␣1 GlyR which may be purified (5) and reconstituted 2 for subsequent characterization. The current topological model for all members of the LGICS, derived primarily from hydropathy predictions, is characterized by a large extracellular, globular N-terminal domain (residues 1-218 in ␣1 GlyR) containing the agonist-and antagonist-binding sites, four TM ␣-helices, designated M1 to M4, and a large cytoplasmic loop between M3 and M4 (6, 7) . This model persists to date despite some recent structural studies that suggest it may be inappropriate. Fourier-transform infrared spectroscopy studies of nAChR suggest approximately equal proportions of ␣-helix and ␤-structure in the membrane (8) , and electron diffraction studies of nAchR arrays suggested a limited helical content within the membrane (9) . Recent secondary structure predictions of nAChR place a mixture of ␤-sheets and ␣-helices in the TM domain (10) . CD studies conducted on reconstituted GlyR similarly indicate a low helical content for this receptor and suggest that there may be insufficient helicity to accommodate four transmembrane helices as well as any extramembranous helical content. 2 Although these studies suggest that there are non-helical structures present in the transmembrane domain of the LGICS, the four TM helix model continues to be accepted in the absence of direct evidence refuting this model.
Limited proteolysis has been utilized extensively to investigate membrane protein topology, most notably with bacteriorhodopsin. Since recent studies of bacteriorhodopsin have determined its structure at high resolution (11, 12) , one may evaluate the effectiveness of proteolytic studies in mapping topology. These studies were quite successful and, significantly, proteolytic cleavages were never detected within the hydrophobic interior of the bilayer (13) . It was also shown that, under appropriate conditions, proteolysis did not affect the structure of the transmembrane domain (14) .
In this study, we have used limited proteolysis coupled with mass spectrometry as tools to examine GlyR topology and critically test the current four-TM helix model. Similar to the studies with bacteriorhodopsin, we assume that limited proteolysis of GlyR powerfully defines the limits of integral membrane protein topology without compromising native proteinlipid bilayer interactions. In the past, identification of digest products primarily relied on Edman degradation of isolated fractions, but recent advances in mass spectrometry (MS) allow one to identify sensitively and rapidly proteolysis products. Electrospray ionization (ESI) MS can precisely identify a peptide by its molecular mass-to-charge ratio (m/z). By using collision-induced dissociation (CID) tandem MS one can deduce amino acid sequence information and/or identify post-translational modifications (15) (16) (17) . Given the homology among the
LGICS, we consider the results of our GlyR studies to be paradigmatic for the entire superfamily, and conversely, we use biochemical evidence amassed for all members of the LGICS to assist in the interpretation of our experimental data. To our knowledge, this study is the first to use the capabilities of MS to map the topology of a membrane protein of unknown structure.
EXPERIMENTAL PROCEDURES
Expression, Purification, and Reconstitution-Recombinant human ␣1 GlyR homopentamers were overexpressed using a baculovirus expression system and purified as described previously (5) . Briefly, Sf9 insect cells were infected at multiplicity of infection Ͼ5 and harvested 3 days post-infection. Total membrane protein was isolated by lysis and ultracentrifugation. After low salt washing of the pellet to remove peripheral membrane proteins, the pelleted lipids and proteins were solubilized in buffer containing digitonin, deoxycholate, and mixed phospholipids. Mixed micelles containing native GlyR were affinity purified by binding to 2-aminostrychnine-agarose and elution with wash buffer containing 200 mM glycine. Triton X-100 (8 mM) was exchanged for digitonin while GlyR was bound to the affinity matrix. Purified GlyR was reconstituted into small unilamellar lipid vesicles by gel filtration chromatography on Sephadex G-100 with subsequent probe sonication of collected GlyR-enriched vesicle fractions using conditions in which the receptor was shown to retain activity. 2 Digitonin was purchased from Aldrich, deoxycholate and Triton X-100 from Sigma, and egg lecithin phospholipids from J. T. Baker Inc.
Sample Manipulation-Purified and reconstituted ␣1 GlyR samples were proteolyzed with selected enzymes (trypsin, V8 protease, and endoproteinase Lys-C were obtained from Promega). All reaction samples were initially bath-sonicated to ensure the presence of the enzyme inside and outside of the vesicle. GlyR was incubated at 37°C with the enzyme (1:200 enzyme:substrate) in an appropriate buffer (V8 protease in 50 mM ammonium acetate, pH 7.8; endoproteinase Lys-C in 50 mM sodium phosphate, pH 7.8; trypsin in 25 mM potassium phosphate, pH 7.4) for times ranging from 10 min to 24 h. Soluble and membraneassociated proteolysis products were separated by ultracentrifugation for 1 h at 150,000 ϫ g. Pellets were washed with digest buffer, and lipid was extracted by isobutyl alcohol, isopropyl ether, 0.1% trifluoroacetic acid (4:3:2.5 by volume). Selected samples were reduced and alkylated with 4-vinylpyridine (18) before extraction. Control samples of undigested GlyR and empty vesicles were identically treated and analyzed to identify background peaks and contaminants.
Mass Spectrometry-Masses were initially acquired by nanospray MS (Fisons Quatro ESI-MS) using a 75-micron diameter capillary column packed with Poros C4 or C18 reverse-phase 10 micron beads. Flow was driven by a Rainin HPLC on-line with a Fisons Quatro triple quadrupole. Flow splitting was achieved using an Accurate microflow processor with a final flow output of 400 nl/min. Further MS analysis was conducted on HPLC-separated proteolytic fragments using a Finnigan Ion-trap MS. HPLC analysis was conducted using a Waters 600E-486 HPLC and 250 ϫ 4.6-mm Phenomenex C5 10-micron reverse phase (RP) column. MS/MS analysis was performed with the Fisons ESI-MS. The assignment of selected peptides was confirmed by selectively passing the respective ion species into the collision cell and inducing fragmentation into daughter ions. Observed masses were assigned to the GlyR sequence with the aid of Sherpa software (19) .
RESULTS AND DISCUSSION
Recombinant ␣1 GlyR was reconstituted into small unilamellar vesicles and digested with proteolytic enzyme for various times ranging from 10 min to 24 h. HPLC profiles and SDS-PAGE of digest products indicated that a large portion of GlyR remained undigested or only partially cleaved (data not shown). Soluble peptide products were separated from membrane-associated peptide products by ultracentrifugation. Membrane-associated products were delipidated prior to microcapillary RP-HPLC on-line with nanospray ESI-MS in order to rapidly separate and identify proteolytic fragments. In addition, conventional RP-HPLC was utilized to isolate fragments for ESI-tandem MS. The resulting accessibility data, when coupled with partitioning information (i.e. whether the peptide was recovered in soluble form or in lipid pellets), was used to map the topology of the GlyR. A representative trace of total ion current for a capillary RP-HPLC separation and a resulting MS spectrum and fragmentation of a selected mass ion by CID are shown in Fig. 1 . CID spectra of selected mass ions are shown in Fig. 2 . Comparison of the cleavage pattern as a function of incubation times yielded no obvious correlations.
Characterization of Extramembranous Domains-Analyses of soluble digest products yielded a wide spectrum of fragments (Table I , part A, and Fig. 3 ). These peptides ionized easily relative to the membrane-associated fragments. Most of the postulated N-terminal domain (residues 1-218) was detected, and for the most part these fragments partition in the aqueous supernatant (Fig. 3A) . No peptides between residues 34 and 80 were detected in this study. However, any peptides isolated from this region would be expected to partition in the aqueous fractions since extracellularly accessible residues throughout this region have been identified by other investigators in both the GlyR and the nAchR. Within this region, ␣1 GlyR is glycosylated at Asn-38 (it is suspected that heterogeneity of the sugar moieties may be responsible for the absence of identifiable peptides in this region). There are recognition sites for GlyR-derived monoclonal antibodies (20) , and portions of this region are the main immunogenic region in the nAchR. Several Lys residues (corresponding to Pro-36, Asn-42, Ile-62, and Asn-69 in ␣1 GlyR) of nAchR subunits may be labeled with a soluble reagent (21) , and this area in nAchR has been identified as targets in earlier proteolytic studies (22) . However, the region between residues 149 and 191 was conspicuously absent from the soluble fractions and was solely identified as membrane-associated peptides (Table I , part B, and Fig. 3A) and is discussed below.
Overlapping fragments in the region of 314 -389 corresponding to the postulated cytoplasmic loop (residues 309 -392) ionized very strongly and were detected in both soluble and membrane-associated fractions. This region is assigned to be entirely cytoplasmic since it flanks a phosphorylation site at Ser-391 (23) and is the region of the gephyrin-binding site in the homologous ␤ subunit (24) (the peripherally associated gephyrin protein is a cytoskeletal linking element). Also, several other cytoplasmic proteins have been found to bind to various LGICS members in this region, and soluble peptides in this region have been identified in earlier proteolytic studies conducted on nAchR (22) .
Characterization of Membrane-associated Domains- Table I , part B, lists peptides assigned to masses identified in membrane-associated fractions. Membrane-associated peptides were empirically defined as ones that partitioned with the lipid pellet upon ultracentrifugation after proteolysis. Comparison with overlapping soluble proteolysis products allows one to reduce the assigned maximum length of a transmembrane segment (Fig. 3B) . A subset of membrane-associated peptides had comparable peptide products (not necessarily identical) that were also detected in the aqueous supernatant. Since peptides in these regions may be extracted from the membraneassociated compartment in the absence of detergents, it is assumed that they do not span the bilayer as a TM segment but rather are peripherally associated with the membrane surface or non-covalently associated with lipid-associated protein. Peptides that contained residues 81-91, 201-217, and 314 -389 were of this class. It is difficult to assess the extent of the association since very low residual concentrations of these peptides may be detected because of their high ionization capacity and the sensitivity of MS (on the order of femtomoles). In control experiments where Staphylococcus aureus nuclease (kindly provided by Dr. R. O. Fox), a soluble protein, was proteolyzed in the presence of phospholipid, centrifuged, and washed, soluble proteolysis fragments could be detected in phospholipid pellet fractions by MS (data not shown). In these cases, the overall spectra of pelleted membrane-associated fractions were identical to that of the soluble fraction, but the total ion current was significantly diminished (consistent with a residual nonspecific presence). Unlike the case with nuclease where every mass peak was observed in both phases, GlyR digests primarily yielded similar overlapping fragments that specifically and consistently partitioned in only soluble or lipidpellet fractions (Table I) . Further investigation with GlyR will be required to resolve the nature of the associations for fragments that were detected in both phases.
Another potential difficulty in interpreting the results of the proteolytic studies arises if small fractions of the reconstituted GlyRs are in a non-native fold. We consider this unlikely since all reconstituted receptors exhibit strychnine binding and competitive elution with glycine as a requisite step in affinity purification, and routine assay of the activity of the GlyR reconstituted in small unilamellar vesicles indicated that the protein retained total activity. 2 Therefore, we assume all observed peaks arise from proteolysis of native receptors. We were also careful to select proteolytic conditions such that the majority of the GlyR remained undigested; cleavages reflect residue accessibility of native receptors and not secondary sites accessible due to subsequent unfolding of initial digest products to a non-native fold. However, since mass spectrometry is an exquisitely sensitive tool and non-quantitative under the experimental conditions, it remains a possibility that some mass species may arise from strongly ionized proteolytic frag-FIG. 1. Representative spectra. A, total ion current (TIC) trace. B, partial MS spectrum for highlighted total ion current peak. C, CID spectrum for m/z ϭ 927.7. The total ion current trace was acquired using C18 nanospray-MS as described in the text. ments of denatured receptors. We also assume a 5-fold symmetry for the receptor, and we consider each ␣ subunit in the pentamer to be identical and have equivalent accessibility profiles. Although this is not the case in heteromeric LGICS receptors (e.g. the two ␣ subunits in the ␣ 2 ␤␥␦ nicotinic acetylcholine receptor are not equivalent), we propose that any deviations from strict 5-fold symmetry in our homomeric assemblies would be minor and would not affect the interpretation of our results.
Unexpectedly, overlapping fragments between residues 149 and 191 were detected solely in membrane-associated fractions. This region includes residues 160 and 161 that have been reported to be essential in maintaining strychnine antagonism (25) . Within this region, solvent accessibility is defined by cleavage sites detected after residues 157, 165, 169, 172, and 180. In addition, there is a disulfide linkage between cysteine residues 138 and 152. The following membrane-associated fragments were identified: 142-165, 144 -200, 149 -165, 158 -165, 158 -169, 173-191, 173-194 (see Fig. 2A for CID spectrum), and 181-192 (see Fig. 2B for CID spectrum). From this pattern, amino acid stretches within residues 158 -165 and 181-191 may minimally define the regions responsible for membrane association (fragments explicitly corresponding to residues 149 -157, 166 -169, 170 -172, and 173-180 were not detected in either phase, and these residues were only detected as part of larger fragments that include either 158 -165 and/or 181-191). Therefore, we cannot definitively determine the nature of the association of peptides outside the 158 -165 and 181-191 region. One may hypothesize two topological scenarios for the region within 149 -191. First, this region may include peptides that span the bilayer in an even number of times since this region is closely flanked by the extracellular disulfides at Cys-138 to Cys-152 and Cys-198 to Cys-209. This scenario is highly unlikely since soluble nAchR N-terminal domain monomers have been expressed and studied (26) . We have also overexpressed the N-terminal domain of the GlyR in soluble form (but under low salt conditions, overexpressed protein was found to partition mostly with cellular membranes). 2 A second and more plausible scenario is that this region includes residues that are intimately associated with, but do not span, the bilayer. Of note, the sequence between residues 158 and 191 has homology to the sequence of the re-entrant loop reported in non-NMDA glutamate receptors (27) (Fig. 4) . We speculate that this region may have a similar membrane association in the LGICS and may be a re-entrant loop. Regions flanking the loop may be membrane-associated due to protein-protein interactions with this loop. In any case, regardless of the nature of their association with the membrane, our results suggest an intimate association of the N-terminal extracellular domain with the transmembrane domain.
Peptides located within the proposed M1, M3, and M4 regions were found to partition solely with the membrane component and, along with M2, are proposed to define transmembrane segments (peptides corresponding to M2 were not detected under any conditions). Several proteolytic cleavages were detected within regions that would be expected to be protected from proteolysis (i.e. sequestered within the bilayer) in the topology proposed by the four-TM helix model (Fig. 3A) . Cleavages after Tyr-223 and Ile-234 (secondary cleavage sites for trypsin after auto-proteolysis) require solvent accessibility at these sites, in contrast to the four-TM helix model (M1, residues 219 -246) which places these residues within the hydrocarbon interior of the bilayer (the CID spectrum assigned to residues 224 -234 is shown in Fig. 2C) . Unfortunately, the remainder of M1, as well as M2 and the linking residues (residues 219 -222 and 235-284), were not detected in these studies. This may be due to the tendency for hydrophobic peptides to form aggregates, that do not ionize well. There is a large body of biochemical evidence that in the LGICS, M2 (residues 253-274) forms the ion channel pore as an amphiphilic helix oriented from cytoplasm to extracellular matrix with a central kinked region (28 -30) . Therefore, in order to maintain the orientation of M2, there must be an odd number of passes through the bilayer prior to M2. Transmembrane structures are invariably ␤-barrels or ␣-helices since these secondary structures are capable of self-satisfying their backbone hydrogen bonding potential. Therefore, it may be possible to assign secondary structure to transmembrane segments based on length constraints (e.g. an ␣-helix requires a minimum length of approximately 20 amino acids to span the bilayer a single time). Given the accessibility profile (cleavages after residues 217, 222, and 234), no segments prior to M2 are sufficient in length to be ␣-helical and instead are modeled as ␤-sheets. Since ␤-barrel membrane proteins have been found to contain TM ␤-sheets as short as six residues (31), our data cannot differentiate between a single pass or three passes prior to M2 with one (possibly the only) transmembrane segment within residues 224 -234. Cysteine-scanning mutagenesis studies conducted on this region in the nAchR indicate that in the closed state, residues corresponding to Ile-224, Gln-225, Met-226, and Pro-229 of GlyR were accessible to chemical modification which blocked channel activity (7) . If these residues were in a TM ␣-helix, it is difficult to visualize how three adjacent residues (224 -226) could be solvent-accessible. We propose that these residues are extramembranous and may line the extracellular vestibule region of the receptor near the mouth of the channel, with a transmembrane ␤-strand initiated after residue 226.
Cleavages were also detected within the proposed M3 TM helix (282-308), after residues 284 and 300 (a CID spectrum assigned to residues 285-300 is shown in Fig. 1C) . Given that the region within residues 314 -391 must be entirely cytoplasmic (discussed above), an odd number of passes though the bilayer is required between M2 and M4. Once again, our data do not allow us to discriminate whether there is a single pass or three passes through the membrane in this region (residues 285-313). MS analyses identified two V8 proteolytic fragments corresponding to residues 285-300 and 285-313 that partitioned solely with the lipid pellet. Since a fragment corresponding to 301-313 was never detected, but only observed within larger membrane-associated peptides (residues 285-313 and 285-326), it cannot be determined whether this region contains a membrane-spanning segment (i.e. it is possible that residues 301-313 may be extramembranous and partition with the bilayer as a consequence of its linkage to a TM segment localized in residues 285-300). Regardless, the length of residues 285-300 or 301-313 is inconsistent with bilayer-spanning ␣-helices, and it is proposed that any TM segments in this region are ␤-strands, with at least one strand localized within the region defined by residues 285-300.
V8 protease digests also yielded a fragment corresponding to residues 389 -416, consistent with the proposed transmembrane M4 ␣-helix (residues 393-411). No internal cleavages were detected within this region (although this region is primarily hydrophobic and offers few potential targets for proteolysis). Given the reported pattern of lipophilic photoactivable reagent incorporation within the M4 region of nAchR (32) , the presence of a phosphorylation site at Ser-391, and the extracellular location of the C terminus, it is expected that a single TM ␣-helix is located within residues 392-416.
Overall Implications-In summary, this study provides the first evidence that the four-TM ␣-helix model for GlyR topology and, by homology, for the entire LGICS is inappropriate. Al- though these studies do not provide any direct information regarding secondary structure, the accessibility data do place upper limits on the length of any TM segments and thus allow some assignment of inferred secondary structural elements. We propose that the formerly postulated TM helices M1 and M3 each contain one or three TM ␤-sheets given the short length of membrane-spanning peptides in these areas. By using biochemical information from other studies conducted on other members of the LGICS, our data are consistent with M2 and M4 being ␣-helices. Therefore, the TM domain of these neuroreceptors are expected to be a mix of ␣-helices and ␤-sheets. In addition, this study also provides the first evidence that the N-terminal domain includes regions that are intimately associated with the plasma membrane. Because of the limitations of using proteases as structural probes, the novel topology described herein contains some uncertainties but is invaluable in providing a wealth of biochemical data as a framework for re-evaluation of previous biochemical studies and for subsequent models. Studies are currently being conducted to more finely characterize the topology of the GlyR.
TABLE I Mass ion peaks of proteolysis fragments and respective sequence assignments
Peptides corresponding to GlyR residues were assigned to observed mass-ion peaks (M obs ) with charge state z. (M exp Ϫ M obs )/z reflects the difference between the expected mass using averaged isotopes, and the observed mass, divided by the charge state. Details concerning the proteolytic agent and assigned modifications are presented in the final column. E, endo-Lys-C; V, V8 protease; T, trypsin; oxi-C, oxidized Cys (ϩ16); oxi-M, oxidized Met; Na ϩ , sodium adduct (ϩ22); K ϩ , potassium adduct (ϩ38); Pyr-C, pyridylethylated cysteine (ϩ106). 4 . Alignments of GlyR and glutamate receptor sequence fragments. Alignments of the membrane-associated 158 -191 fragment of human ␣1 GlyR with sequences flanking the re-entrant loop domain of human AMPA receptor subtypes (GluR1 and GluR2), human kainate-sensitive glutamate receptor (GluR1KA), and a human kainate receptor (KA1). Conserved residues are highlighted in dark gray (white letters), and homologous residues are highlighted in light gray (black letters).
